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ABSTRACT OF THESIS 
 
 
INFLUENCE OF VARIOUS PLANT POPULATIONS ON WEED REMOVAL 
TIMING IN GLYPHOSATE-RESISTANT SOYBEAN 
 
 Reduced plant population in glyphosate-resistant soybean [Glycine max (L) 
Merr.] may influence the critical time of herbicide application.  Field studies were 
conducted in 2007 and 2008 at two locations in Kentucky to determine the effect of four 
weed control programs on soybean seed yield, seed quality, crop canopy, and weed 
pressure when planted at three densities - 185,000, 309,000, and 432,000 plants ha-1.  
Plots were treated with glyphosate at either 3 weeks after planting (WAP), 5 WAP, 7 
WAP, 3 & 7 WAP, representing common weed control protocols within the state.   No 
differences in seed yield were discovered between plant densities in two of four site-
years.  254,500 plants ha-1 was sufficient for maximum yields in all site-years and was 
also sufficient to achieve maximum canopy amongst those populations tested in the 
study.  Sequential applications at 3 and 7 WAP provided the highest seed yield, while the 
5 WAP and 7 WAP application timings were generally the single applications that 
allowed for the highest yield and canopy closure, along with the highest visual estimate 
of weeds controlled.  Plant density did not influence the critical period for weed control. 
KEYWORDS:  Plant Density, Glyphosate-Resistant Soybean, Herbicide Timing, 
Soybean Canopy Development, Weed Control 
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Chapter 1:  Introduction 
  Soybean [Glycine max (L.) Merr.] must be grown in a manner which maximizes 
profitability, especially in an era of rising production costs.  One way to make soybean 
more profitable is to minimize seed costs by reducing planting rates without reducing 
yield.   
 Yield response to plant population in soybean was described by Duncan (1986), 
using three key phases.  In phase one (<20,000 plants ha-1) of yield response to 
population  the potential yield per plant is maximized and there is no interplant 
competition.  Phase one ends and phase two begins when plants compete with each other 
for resources.  As plant population increases, yield increases, but the marginal unit of 
increase per plant becomes smaller.  Phase three is defined as the point where adding 
additional plants no longer increases yield, as the decline in yield per plant is exactly 
enough to maintain a constant yield per unit ground area as plants are added.  Plant 
population research is done in order to determine where the transition point between 
Duncan’s phase two and phase three is reached in an effort to minimize input costs while 
maintaining or increasing outputs.  
 As described by Duncan (1986), it is well known that increased plant density in 
soybean does not always equate to increased yields.  Soybean has the ability to modify 
growth characteristics depending on its population within a field. This ability to adapt at 
lower populations was described by Akicgoz et al. (2009).  Across 3 locations, soybean 
seeded at 330,000 seed ha-1 resulted in plants with an average of 4.5 branches per plant.  
When seeding rate went to 660,000 seeds ha-1, branch number dropped to 4.2.  At 
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 990,000 seeds ha-1, branches dropped to 3.7 per plant, while only 3.4 branches per plant 
were found on soybean seeded at 1,320,000 seeds ha-1.  This increased branching at lower 
populations corresponds with a larger number of pods per plant, which is a key factor in 
determining yield (Epler and Staggenborg, 2008). 
  Soybean population research has been done across wide ranges of plant densities.  
Nelson and Weaver (1980) found no significant difference in yields in Texas between 
planting populations of 48,500 and 194,000 seeds ha-1.  A yield plateau was observed at 
populations beyond 129,000 seeds ha-1 in work done by Ennin and Clegg (2001) in 
Nebraska, while Lee et al. (2008) found the plant population producing 95% of maximum 
yield to be between 108,000 and 232,000 plants ha-1 with a May planting date in 
Kentucky.  In Kansas, Bello et al. (1980) found that doubling the population from 
380,000 to 760,000 plants ha-1 had no effect on yield, as yield remained constant across 
plant populations.  In Iowa DeBruin and Pedersen (2008) discovered that maximum yield 
was attained at 462,200 plants ha-1, but that >95% of the maximum yield was attained at 
populations as low as 258,600 plants ha-1.  These results confirm the idea that increasing 
soybean density does not necessarily result in yield increases. 
 Results of soybean population studies indicating that lower plant populations 
produce maximum yield have generated a number of questions.  Researchers and 
producers want to know if lower populations will work in their fields.  Research was 
undertaken to determine the population where Duncan’s phase three was reached and 
what effect row spacing (DeBruin and Pedersen, 2008; Akicgoz et al., 2009), maturity 
group (Edwards et al., 2005), planting dates (Grichar, 2007), and the timing of herbicide 
application (Hilgenfeld et al., 2004; Norsworthy, 2005) had on this population. 
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  Historically, soybean producers primarily utilized a row spacing of 76 cm or 
greater (Weber et al., 1966).  Since 1990, the trend has been towards row spacing of less 
than 76-cm (De Bruin and Pedersen, 2008).  De Bruin and Pederson (2008) concluded 
that in Iowa, it would be beneficial for a producer with a farm larger than 144 ha with 
soybean production on more than 50% of the land area to make the conversion from a 
wide-row to narrow-row planter. Partially due to the initial investment involved with a 
new planter, many producers are still using row spacings of 19- and 76-cm.  In Iowa in 
2006, 14% of the soybean crop was planted in 19-cm rows in, 31% in 38-cm rows, and 
50% in rows between 38-cm and 76-cm wide (NASS, 2007).   
Lundvall et al (2000) showed that averaged across several populations in Iowa, 38 cm 
rows resulted in yields that were greater than those from 19 or 76 cm.  Not only were 
yields greater in 38-cm rows, but they were also more consistent across populations with 
no more than a 181 kg ha-1 (2.7 bu acre-1) difference between the highest and lowest 
yielding populations.  In contrast, at the 19 and 76 cm row widths, variations up to 470 kg 
ha-1 (7.0 bu acre-1) were observed between the highest and lowest yielding populations.  
De Bruin and Pedersen (2008) found that, in Iowa, soybean yields were higher when 
planted in 38-cm rows as opposed to 76-cm rows across all planting populations (166,900 
to 402,700 plants ha-1) and three locations.   
 Maturity groups and the length of the growing season also play a major role in 
determining the soybean populations that maximizes yield.  The maturity group of a 
soybean variety is related to the time between planting and physiological maturity.  
Maturity groups range from 000 to X (ten).  Historically, later maturity groups are grown 
further south in the United States.  North Dakota farmers grow Maturity Group 00 to I 
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 cultivars (Kandel and Helms, 2007), while Maturity Group III, IV, and V cultivars are 
grown in Kentucky (Herbek and Bitzer, 1988). Maturity Group V, VI, VII, or VII 
cultivars are suitable for Georgia (Raymer and Woodruff, 1999).  Early maturing 
cultivars require a higher plant density to achieve maximum light interception prior to the 
reproductive stages and maintain yield (Edwards and Purcell, 2005).   
 Early planting of short season soybean has become widely adopted in the mid-
southern region of the United States (Heatherly, 1999).  Early maturing cultivars avoid 
drought and decrease irrigation requirements in areas with long growing seasons and 
seasonal moisture limitations (Heatherly, 1999).  Much of the hectareage in the 
Mississippi Delta, for example, has transitioned from maturity group V and VI to 
maturity group III and IV cultivars to avoid late season drought stress.  Success of these 
short-season cultivars is dependent on higher plant populations (Heatherly, 1999) to 
produce sufficient vegetative growth (Ball et al., 2000) to reach 95% light interception 
(Egli, 1988) by the beginning of flowering to maximize yield. Shibles and Weber (1965) 
concluded that a leaf area index (LAI) of 3.2 was required for 95% light interception, 
while Westgate (1999) determined that the critical LAI was 4.0.         
 Early maturing cultivars are also used in a double-cropping system in which 
soybean follows winter wheat (Triticum aestivum L.) or barley (Hordeum vulgare L.) 
(Jones et al., 2003). These late planted soybeans require a higher population (Holshouser 
and Jones, 2003) to achieve full canopy closure before the reproductive stages of growth.   
Holshouser and Jones (2003) explored a cropping system in the Mid-Atlantic section of 
the United States in which winter wheat was double-cropped with soybean and winter 
barley double-cropped with corn.  This system maximizes crop production per unit land 
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 area, providing the potential for increasing the production that would be expected with 
only one crop per year.  This four crop in two year system requires an earlier soybean 
cultivar than would be normally recommended, grown in a system which struggles to 
reach critical LAI (Jones et al., 2003) due to the shorter vegetative growth phase of late-
planted soybean.  Holshouser and Jones (2003) discovered that a LAI of 3.5 to 4.0 was 
required by flowering to maximize yield, with 740,000 plants ha-1 being required to reach 
critical LAI for a Maturity Group III cultivar in this system, while only 370,000 plants ha-
1 were required using a group V cultivar. 
 Higher populations are beneficial not only for canopy development with short 
season cultivars, but also as an aid to weed control (Norsworthy, 2005). Management 
strategies that promote rapid canopy closure can lead to improved weed control through 
diminished emergence and growth of certain weed species (Norsworthy, 2005) because 
of the reduction in solar radiation that reaches the soil surface.  Canopy development and 
solar radiation interception may be reduced in lower plant populations (Purcell et al., 
2002).  As a result, there is a concern that lower plant populations may negatively affect 
weed control.   
 The majority of soybean varieties grown now are glyphosate-resistant and timing 
of glyphosate application is critical to weed control (Hilgenfeld et al., 2004).  The 
effectiveness of glyphosate is determined by the time of application relative to weed 
seedling emergence (Jordan et al., 1997), and in particular, the height of weeds when 
glyphosate is applied.  Weed emergence extends over several weeks after land 
preparation and soybean planting.  As a result, the weed population is often a mixture of 
different species at different stages of development.  Considering this situation, early 
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 glyphosate application is ineffective in controlling late-emerging weeds, as glyphosate 
has no residual effect (Reddy, 2001).  Late glyphosate applications may be less effective 
on early emerging weeds because they are large (Reddy, 2001) and they may require a 
higher rate of glyphosate for control (Vangessel et al., 2000).   
 According to Johnson et al. (2004) the initial weed control operation must be 
timed according to one of three criteria to minimize yield losses.  The operation must 
either 1) control weeds by 4 to 5 weeks after planting, 2) control weeds before they are 15 
to 23 cm tall, or 3) control weeds before the soybean plants reach the V3 stage of growth.                
 A common method of timing glyphosate applications is to apply it a certain 
number of weeks after planting or emergence of the crop.  This can be an effective 
management procedure when the producer has a good idea of the weed emergence 
patterns within their field.  In an effort to map weed emergence in Nebraska, Hilgenfeld 
et al. (2004) utilized three common weed control methods, including glyphosate 
applications at 21 to 26 days after planting (DAP), 35 to 36 DAP, and sequential 
applications at 21 to 26 DAP followed by 47 to 48 DAP.  The single early post-
emergence (21-26 DAP) application of glyphosate represents a strategy designed to 
eliminate early season competition between the crop and weeds.  The single mid-season 
post-emergence application (35-36 DAP) represents a strategy commonly used by 
growers to avoid multiple applications (Hilgenfeld et al., 2004).  This mid-season 
application increases the likelihood of complete weed emergence before application, but 
allows for more early season competition between the crop and weeds.  Sequential 
applications are used by producers to avoid early season competition with weeds and 
weeds that emerge later in the season.  Hilgenfeld reported that single post-emergence 
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 applications of glyphosate can be effective at controlling weeds which emerge in a 
narrow window of time, but that the sequential applications were more effective on weed 
species which emerged throughout the growing season. 
 Norsworthy (2005) indicated that a single application of glyphosate should be 
applied no later than four weeks after emergence (WAE) to ensure maximum yield of the 
soybean crop.  When control measures were delayed to 6 WAE, weed control was much 
less effective and yield was reduced in 4 of 6 seeding rates.  The reduced control was 
attributed to larger weeds when the herbicide was applied (Jordan et al. 1997), and a lack 
of spray coverage of weeds beneath the soybean canopy (Koger at al. 2004).   
 Applying glyphosate according to the growth stage of the crop is also a common 
method.  Van Acker et al. (1993) showed that the critical time for weed removal to 
prevent the crop from suffering more than a 5% yield loss ranged from growth stage V2 
to V3.  Webster et al. (1999) also found that the crop reached the critical period at the V2 
growth stage and that delay up to V4 could result in reduced weed control.  Knezevic 
(2003a) found that the critical time for weed removal coincided with the V1, V2, and V3 
growth stages in 19-, 38-, and 76-cm row spacings, respectively.   An average 2% yield 
loss per growth stage was observed as the cost of delaying weed control past this critical 
period (Knezevic, 2003b).  Vangessel et al. (2000) reported similar results, with the 
optimum window for weed control with glyphosate falling between the 1 to 3 trifoliolate 
stage.  Successful weed control at or after the V3 growth stage depends on soybean 
canopy cover, weed species and size, moisture and humidity, and the timing of rain after 
herbicide application. Application after the V3 growth stage generally gave inconsistent 
control (Vangessel et al., 2000).   Payne and Oliver (2000) reported a yield increases of 
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 over 400 kg ha-1 (6.0 bu acre-1) when soybean received a single application of glyphosate 
at V2 instead of V4.  
 Weed height is another criterion that may be used to decide when to make 
glyphosate applications.  Krausz et al. (2001) reported that glyphosate resistant soybean 
can effectively compete with weeds up to 30 cm tall without sacrificing yield.  Similar 
results were reported by Dalley et al. (2001) where yield loss occurred at weed heights 
greater than 30 cm.  Using height as a criterion is often difficult as weed height varies 
both within and among species within a field.    
 The utility of soil residual herbicides in combination with glyphosate has also 
been studied.  Corrigan and Harvey (2000) concluded that pre-plant application of the 
soil residual herbicide clomazone was usually not beneficial when compared to 
glyphosate alone.  Generally, only where early weed pressure was severe and timely 
glyphosate application was not possible would a pre-plant residual herbicide be 
beneficial.  Satisfactory control was observed single applications of glyphosate at 4 to 6 
weeks after planting.  Corrigan and Harvey (2000) also applied residual herbicides as 
tank mixtures with glyphosate post-planting.   Across all years and herbicide applications, 
tank mixtures did not provide any yield benefit when compared to glyphosate alone, 
confirming that glyphosate alone provided successful, season-long weed control in no-
till, drilled, glyphosate resistant soybean.  In a similar study, Payne and Oliver (2000) 
reported that yields were similar in several combinations of post- and pre-plant herbicide 
applications in combination with glyphosate when compared to a sequential application 
of glyphosate at growth stage V2 and V4.   
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  We know that similar yields have been seen across a wide range of plant densities 
and that singular, timely, post-emergence applications of glyphosate have been effective 
at producing maximum soybean yields.  The purpose of this study was to determine if 
soybean population affected the time when glyphosate must be applied for maximum 
weed control. 
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 Chapter 2:  Plant Density and Weed Removal Timing Effect on Canopy 
Development and Weed Control 
Introduction 
 Management strategies that promote rapid canopy closure can lead to improved 
weed control through diminished emergence and growth of certain weed species 
(Norsworthy, 2005).  This diminished weed emergence is a result of the inability of light 
to reach the soil surface.  The speed of canopy development and the resultant light 
interception may be reduced in lower plant densities (Purcell et al., 2002).  
 The majority of soybean varieties grown now are glyphosate-resistant and timing 
of glyphosate application is critical to weed control (Hilgenfeld et al., 2004).  The 
effectiveness of glyphosate is determined by the time of application relative to weed 
seedling emergence (Jordan et al., 1997), and in particular, the height of weeds when 
glyphosate is applied.  Weed emergence extends over several weeks after land 
preparation and soybean planting.  As a result, the weed population is often a mixture of 
different species at different stages of development.  Considering this situation, early 
glyphosate application is ineffective in controlling late-emerging weeds, as glyphosate 
has no residual effect (Reddy, 2001).  Late glyphosate applications may be less effective 
on early emerging weeds because they are large (Reddy, 2001) and they may require a 
higher rate of glyphosate for control (Vangessel et al., 2000).   
   According to Johnson et al. (2004) the initial weed control operation must be 
timed according to one of three criteria to minimize yield losses.  The operation must 
either 1) control weeds by 4 to 5 weeks after planting, 2) control weeds before they are 15 
to 23 cm tall, or 3) control weeds before the soybean plants reach the V3 stage of growth.                
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  A common method of timing glyphosate applications is to apply it a certain 
number of weeks after planting or emergence of the crop.  This can be an effective 
management procedure when the producer has a good idea of the weed emergence 
patterns within their field.  In an effort to map weed emergence in Nebraska, Hilgenfeld 
et al. (2004) utilized three common weed control methods, including glyphosate 
applications at 21 to 26 days after planting (DAP), 35 to 36 DAP, and sequential 
applications at 21 to 26 DAP followed by 47 to 48 DAP.  The single early post-
emergence (21-26 DAP) application of glyphosate represents a strategy designed to 
eliminate early season competition between the crop and weeds.  The single mid-season 
post-emergence application (35-36 DAP) represents a strategy commonly used by 
growers to avoid multiple applications (Hilgenfeld et al., 2004).  This mid-season 
application increases the likelihood of complete weed emergence before application, but 
allows for more early season competition between the crop and weeds.  Sequential 
applications are used by producers to avoid early season competition with weeds and 
weeds that emerge later in the season.   
 Norsworthy (2005) indicated that a single application of glyphosate should be 
applied no later than four weeks after emergence (WAE) to ensure maximum yield of the 
soybean crop.  When control measures were delayed to 6 WAE, weed control was much 
less effective and yield was reduced in 4 of 6 seeding rates.  The reduced control was 
attributed to larger weeds when the herbicide was applied (Jordan et al. 1997), and a lack 
of spray coverage of weeds beneath the soybean canopy (Koger at al. 2004).   
 Applying glyphosate according to the growth stage of the crop is also a common 
method.  Van Acker et al. (1993) showed that the critical time for weed removal ranged 
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 from growth stage V2 to V3.  Webster et al. (1999) also found that the crop reached the 
critical period at the V2 growth stage and that delay up to V4 could result in reduced 
weed control.  Knezevic (2003a) found that the critical time for weed removal coincided 
with the V1, V2, and V3 growth stages in 19-, 38-, and 76-cm row spacings, respectively.   
Vangessel et al. (2000) reported similar results, with the optimum window for weed 
control with glyphosate falling between the 1 to 3 trifoliolate stage.  Successful weed 
control at or after the V3 growth stage depends on soybean canopy cover, weed species 
and size, moisture and humidity, and the timing of rain after herbicide application. 
Application after the V3 growth stage generally gave inconsistent control (Vangessel et 
al., 2000). 
 Weed height is another criterion that may be used when deciding when to make 
glyphosate applications.  Krausz et al. (2001) reported that glyphosate resistant soybean 
can effectively compete with weeds up to 30 cm tall.  Similar results were reported by 
Dalley et al. (2001) across row spacings of 19, 38, and 76 cm row spacings.  Using height 
as a criterion is often difficult as weed height varies both within and among species.    
 This purpose of this study was to determine the effect of soybean plant density 
and weed removal timing on weed control and canopy development.       
  
Materials and Methods 
Field experiments were conducted in 2007 and 2008 at Spindletop Research Farm 
near Lexington, Kentucky, (38°N, 84°W) and at the University of Kentucky Research 
and Education Center near Princeton, Kentucky (37°N, 88°W).  The soil type at 
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 Lexington was a Lowell silt loam (2-6% slope, Fine, mixed, active, mesic, Typic 
Hapludalfs) and a Maury silt loam (2-6% slope, Fine, mixed, semiactive, mesic Typic 
Paleudalfs) in 2007 and 2008, respectively.  At Princeton, the study was conducted on a 
Crider silt loam (5-9% slope Fine-silty, mixed, active, mesic Typic Paleudalfs) in both 
years.  The study was conducted as a split-plot design with four replications at each study 
site-year, with the main plot plant density: i) 185,000, ii) 309,000, and iii) 432,000 seeds 
ha-1. Herbicide was applied to the sub-plots as follows: i) non-treated control, ii) 
glyphosate applied 3 weeks after planting (WAP),   iii) glyphosate applied 5 WAP, iv) 
glyphosate applied 7 WAP, v) glyphosate applied 3 WAP followed by 7 WAP (3 + 7 
WAP), and vi) weed-free, where glyphosate was applied 1, 3, 5 and 7 WAP.  Densities of 
309,000 and 432,000 seeds ha-1) cover the range of final plant populations previously 
recommended in Kentucky.  Fertilizer P and K were added according to soil test results 
and University of Kentucky recommendations.   
For each sub-plot, soybean was seeded into four rows, 38 cm apart, (1.52 m total 
width) by 9.14 m long. Border plots of the same size were planted between each sub-plot, 
(309,000 plants ha-1) in an effort to prevent spray drift from affecting adjacent plots and 
as a means for visual comparison to determine weed control later in the season.     
Soybean cultivars Asgrow 3906 and Asgrow 3905 were grown in 2007 and 2008, 
respectively.  These varieties both have a 3.9 maturity rating, which is a maturity rating 
commonly used throughout the state.   
Seeds were planted no-till following corn at Lexington-2007, following fallow at 
Lexington-2008 and following wheat at Princeton-2008.  For no-till environments, an 
application of glyphosate (0.87 kg ae ha-1) (Roundup WeatherMax, Monsanto Co., St. 
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 Louis, MO) was applied one week prior to planting to destroy all vegetation in the study 
area.  At Princeton-2007, seeds were planted into a conventionally tilled seed bed 
following corn.  Seeds were planted at a depth of 2 cm using a small plot drill with cone 
delivery (Hege, Colwich, KS).  Just prior to planting, all seeds were inoculated with 
Bradyrhizobium japonicum inoculant (Southern States, Richmond, VA).  
Plant counts were taken from a 3 m section of the center two rows of each plot 
prior to the 3 WAP treatments.  At each glyphosate application, weed species, weed 
density and weed height were measured prior to application in the plots that received 
glyphosate.  A square 0.372 m2 in size was placed in the same location in each of the 
plots and weeds were identified and counted.  In the Princeton-2007 trial a square that 
measured 0.093 m2 was used due to the high weed species density.   
Glyphosate  (Roundup WeatherMax) was applied with a backpack type sprayer 
with a 1.52 meter boom and Teejet 11002 nozzles (Teejet, Wheaton, Illinois) at 0.87 kg 
ae ha-1.  Spray pressure was 241 kPa and application speed was 4.8 km per hour. 
In Lexington, canopy development and the resulting light interception at growth 
stage R1 was determined using a Quantum light bar (Licor, Lincoln, NE).  At both 
locations, a visual rating of ground cover and weed control was taken at the R5 growth 
stage (Kane and Grabau, 1992). Visual estimates of ground cover were made by looking 
down the rows from each end of the plot and estimating the percentage of soil surface 
exposed, with a rating of 100 meaning no soil is exposed and a rating of 0 meaning no 
plants (Kane and Grabau, 1992).  Weeds were not considered to be part of the soybean 
canopy. Visual estimates of weed control were made by visually comparing weed 
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 densities and size in each sub-plot to the non-treated control.  All visual estimates were 
the result of at least two and usually four people assessing each plot. 
The MIXED procedure of the Statistical Analysis System (SAS) Version 9.1 
(SAS Institute, 2002) was used for ANOVA with LSMeans comparisons made using 
α=0.05.   
 
Results and Discussion 
Environments 
 Because environment by treatment interactions were observed, environments 
were evaluated individually.  Plant population did not interact with glyphosate 
application timing at any environment (Table 2-1).  While targeted plant density was 
constant across all environments, actual plant density varied (Table 2-2).  At Lexington-
2007 and Princeton-2008, actual density was over 80% of targeted plant density.  At 
Lexington-2008, plants that emerged showed signs of compaction (poor root system, pre-
mature moisture stress), which may help explain the poor stand establishment of 59 to 
71% in this environment.  Princeton-2007 was planted into tilled soil and rain 
immediately after planting caused crusting, leading to actual densities only 48 to 63% of 
the intended populations. 
 Weed population and weed species varied across environments (Table 2-3).  
Weed population was very high in Princeton-2007 and at Lexington-2008, while they 
were much lower in the other two environments.  At 3 WAP in all environments, soybean 
was at the V2 growth stage (Table 2-3).  Growth stage ranged from V3 to V5 at 5 WAP 
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 and V6 to R1 at 7 WAP.   Soybean development was slower at Lexington-2008, again 
possibly due to compaction.  
 
Canopy Closure at R1 
 One of the main concerns with planting at low populations is the ability of the 
crop to achieve sufficient leaf area for maximum light interception by the beginning of 
reproductive growth.  Light interception at growth stage R1 at Lexington-2007 ranged 
from 51 to 56% and was not affected by plant densities or herbicide treatment timings 
(p= 0.4 and 0.5, respectively) (Table 2-4).  Light interception fell in the 51 to 56% range 
for all densities and glyphosate application timings.   These interception values are less 
than the 95% light interception needed by growth stage R1 to produce maximum yield 
(Egli, 1988).   
 
Ground Cover at R5 
Ground cover at growth stage R5 (beginning seed) was affected by population at 
Princeton-2007 (Table 2-5) (p=0.0066) and at Lexington-2008 (Table 2-6) (p=0.0433).  
At these locations, both the medium and high plant density resulted in ground cover 
estimates which were higher than the low populations.  These environments had very 
high weed populations, substantially higher than in the other two environments (Table 2-
3).  These results suggest that a higher plant density is required to achieve maximum crop 
ground cover when there is more competition from weeds.  At Princeton-2007, ground 
cover in the medium (180,700 plants ha-1) and high (254,600 plants ha-1) plant densities 
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 met the criteria described by Egli (1998) (94 and 97% respectively), while ground cover 
of 87% for the low plant density (130,800 plants ha-1) did not reach this level. 
The Princeton-2007 (p<0.0001) and Lexington-2008 (p<0.0001) experiments 
experienced the heaviest weed pressure, making proper weed control timing essential for 
maximum yield.  Weed control timing effected canopy closure at R5 in both years at 
Princeton and at Lexington in 2008.  At Princeton-2007, weed pressure in non-treated 
plots was so great that acceptable estimates of ground cover by the soybean crop could 
not be made.  The 7 WAP treatment resulted in the lowest canopy closure.  The 5 WAP 
treatment, while better than the 7 WAP alone, had less closure than both the 3 WAP 
treatment or the 3+7 WAP treatment (Table 2-6).  Not only was weed population very 
high in this environment, but the weeds also emerged early, which may explain why 
treatment at 7 WAP alone did not result in complete canopy cover.  The results seem to 
agree with the findings of Norsworthy (2005) when he indicated that in an environment 
with early weed emergence, a single application of glyphosate should be applied no later 
than four weeks after emergence (WAE) to ensure maximum soybean yield.   
At Princeton-2008 (p=0.0002), all glyphosate applications resulted in sufficient 
ground cover (98%) at growth stage R5 (Table 2-7) because weed pressure was much 
lower than it was in the previous year, providing an extended window for weed control. 
The weed pressure at Lexington-2008 was similar to that of Princeton-2007, 
although weeds were later emerging at Lexington than at Princeton.  Canopy closure in 
both the non-treated and 3 WAP treatments was less than the other treatments, while the 
weed free treatment and sequential applications at 3 and 7 WAP resulted in canopy cover 
that was higher than all of the others.  It appears that in an environment with heavy weed 
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 pressure and with weeds emerging up to R5 that a single application of glyphosate 
relatively early (3 WAP) or relatively late (7 WAP) was not sufficient to achieve 
maximum crop canopy (Table 2-5).   
 
Weed Control at R5 
 Plant density had no effect on weed control at the R4 (full pod, ¾ inch pod in top 
4 nodes) to R5 (beginning seed) at either location in either year of the study.  Weed 
control timing was significant at both locations in 2007 and at Princeton-2008.  At 
Lexington-2007 (p=0.0003), the 5, 7, 3+7 WAP, and weed free treatments eliminated 
weed pressure by the R4 to R5 growth stage, while the 3 WAP treatment alone resulted in 
a slight reduction in weed control at this time period (Table 2-4).  Weed emergence at the 
Lexington-2007 environment occurred late in the growing season with most of it coming 
after the 3 WAP glyphosate application, helping to explain why the 3 WAP treatment 
alone had more weeds at R5 than the later treatment timings.  Treatment differences were 
similar to Lexington-2007 at both locations in 2008, although the magnitude control at 
Lexington-2008 was quite different (Table 2-5), as higher weed populations, poor 
soybean plant stand, and poor ground cover led to poor weed control overall in this 
environment.     
 
Conclusions 
 There were no interactions between plant population and glyphosate application 
timing for ground cover or weed control at R5, meaning that the optimum timing for 
glyphosate application was the same regardless of population.   
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 The environments in this study can be broken down into two main categories 
according to weed population.  Princeton-2007 and Lexington-2008 had weed 
populations which were very high, while the weed populations in Lexington-2007 and 
Princeton-2008 were much lower.  In high weed population, the lower soybean 
population was insufficient at producing maximum canopy.  Sequential glyphosate 
applications in both of these environments resulted in the highest canopy closure, but 
they were not necessary, as single applications in each environment proved to be as 
effective when timed according to weed emergence.  A single, timely application of 
glyphosate in these environments was effective at maintaining weed control when 
soybean reached R5.  In low weed populations, soybean plant population had no effect on 
ground cover or weed control at R5, while a single application of glyphosate resulted in 
ground cover and weed control that was equal to sequential applications.  
 Overall, single post-emergence applications of glyphosate did an adequate job at 
producing soybean ground cover by R5 and eliminating weeds by that same stage, 
although this application must be timed according to weed population and weed 
emergence.  
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Table 2-1.  Analysis of Variance, R5 Ground Cover and R5 Weed Control (* p<0.05). 
Mean Squares Mean Squares 
Lexington-2007 
 
Source of Variation df 
R5 
Ground 
Cover 
R5 
Weed 
Control 
Lexington-2008 
 
Source of Variation df 
R5 Ground 
Cover 
R5 
Weed 
Control 
Replication (Rep) 3 3.7 27.8 Replication (Rep) 3 7.46 46.4 
Plant Population (Pop) 2 6.4 27.7 Plant Population (Pop) 2 208.1* 59.5 
Rep X Pop 6 5.3 18.5 Rep X Pop 6 67.4* 83.5 
Glyphosate Timing (GT) 5 2.8 179.5* Glyphosate Timing (GT) 5 369.9* 265.7* 
GT x Pop 10 2.6 16.8 GT x Pop 10 8.2 57.2 
Rep x Pop x GT 45 2.4 21.3 Rep x Pop x GT 45 12.9 33.8 
 
Mean Squares Mean Squares 
Princeton-2007 
 
Source of Variation df 
R5 
Ground 
Cover 
R5 
Weed 
Control 
Princeton-2008 
 
Source of Variation df 
R5 Ground 
Cover 
R5 Weed 
Control 
Replication (Rep) 3 124.2* 10.1 Replication (Rep) 3 6.6 21.5 
Plant Population (Pop) 2 597.1* 19.9 Plant Population (Pop) 2 0.8 31.6 
Rep X Pop 6 45.9 20.6 Rep X Pop 6 1.2 37.8* 
Glyphosate Timing (GT) 5 445.7* 31.6 Glyphosate Timing (GT) 5 18.9* 693.3* 
GT x Pop 10 47.7 11.1 GT x Pop 10 1 9.27 
Rep x Pop x GT 45 23.4 21.9 Rep x Pop x GT 45 3.5 11.2 
 
 
 
 Table 2-2.  Target plant density and actual plant density, 3 weeks after planting. 
 Site-Year 
Target 
Density 
Actual 
Density 
% of Target 
Density 
plants ha-1 plants ha-1 
Lexington-2007 185,000 157,600 85 
  309,000 254,400 82 
  432,000 344,300 80 
Lexington-2008 185,000 130,800 71 
  309,000 180,700 58 
  432,000 254,600 59 
Princeton-2007 185,000 88,600 48 
  309,000 170,700 55 
  432,000 273,200 63 
  
Princeton-2008 185,000 168,100 91 
  309,000 271,000 88 
  432,000 361,700 84 
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 Table 2-3.  Soybean plant development and weed characteristics at each treatment timing, Lexington and Princeton. 
 Site-Year 
Glyphosate 
Application 
Timing Date 
Soybean 
Growth 
Stage 
Soybean 
Plant 
Height 
Total 
Weeds Dominant Weed Species 
Weeks after 
planting cm Weeds m-2  
Lexington 2007 3 7-June V2 10 9±2 Yellow Foxtail [Setaria glauca (Poir.) Roem. & 
Schult], Smooth Pigweed [Amaranthus hybridus 
(L.)], Large Crabgrass [Digitaria sanguinalis (L.) 
Scop.] 
  5  22-June V5 24 25±4 
  7  6-July R1 39 37±5 
    
Lexington 2008 3 4-June V2 10 215±34 Common Ragweed [Ambrosia artemisiifolia (L.)] 
Hairy Crabgrass [Digitaria sanguinalis (L.) Scop.], 
Yellow Nutsedge [Cyperus esculentus (L.)], Yellow 
Foxtail [Setaria glauca (Poir.) Roem. & Schult], 
  5 18-June V3 19 305±46 
  7 2-July V6 34 355±22 
  
Princeton 2007 3 27-May V2 12 195±23 Hairy Crabgrass [Digitaria sanguinalis (L.) Scop.], Yellow Nutsedge [Cyperus esculentus (L.)], 
Johnsongrass [Sorghum halepense (L.) Pers.] 
Eastern Black Nightshade [Solanum ptycanthum 
Dun.], Smooth Pigweed [Amaranthus hybridus (L.)], 
  5  13-June V5 27 186±14 
  7 27-June R1 41 279±31 
  
Princeton 2008 3 28-May V2 11 25±10 Smooth Crabgrass [Digitaria ischaemum (Schreb.) Schreb. ex Muhl.], Yellow Nutsedge [Cyperus 
esculentus (L.)], Smooth Pigweed [Amaranthus 
hybridus (L.)], 
  5 10-June V4 25 47±9 
  7 24-June V7 43 47±9 
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Table 2-4.  Soybean canopy light interception, soybean canopy ground cover, and weed control ratings at Lexington in 2007.  Soybean 
canopy measurements are on a scale of 0 to 100%, where 0 would be no soybean plants, and 100% would be complete light 
interception or complete ground cover. Weed control ratings are based on a scale of 0 to 100%, where 0% all weeds present and 100% 
is no weeds present in the field. Weed control ratings are averaged across all weed species evaluated. 
  
R1 Light 
Interception  
R5 Ground 
Cover  
R5 Light 
Interception  
R5 Weed 
Control 
% % % % control 
Plant Density (plants ha-1) 157,600  51 97 98 98 
254,400  55 97 98 98 
344,300  55 97 98 97 
Glyphosate Application Timing Non-Treated 56 -- -- -- 
3 WAP 50 91 98 91  b 
5 WAP 54 100 98 100 a 
7 WAP 51 100 98 100 a 
3+7 WAP 53 100 98 100 a 
Weed Free 56 100 98 100 a 
ANOVA 
Plant Density (PD) ns ns ns ns 
Glyphosate Application Timing (G) ns ns ns *** 
PD*G   ns ns ns ns 
WAP = Weeks after planting 
*** Significant at 1% significance level 
** Significant at 5% significance level 
ns - Not significant 
Values with same letters in same column are not statistically different at 5% significance level. 
 
 
 Table 2-5.  Soybean canopy light interception, soybean canopy ground cover, and weed 
control ratings at Lexington in 2008.  Soybean canopy measurements are on a scale of 0 to 
100%, where 0 would be no soybean plants, and 100% would be complete light 
interception or complete ground cover. Weed control ratings are based on a scale of 0 to 
100%, where 0% all weeds present and 100% is no weeds present in the field. Weed 
control ratings are averaged across all weed species evaluated. 
 
  
R5 Ground 
Cover        
R5 Weed 
Control  
 % % Control 
Plant Density (plants ha-1) 130,800  45 b 66 
180,700  63 a 74 
254,600  60 a 76 
Glyphosate Application Timing Non-Treated 30   e -- 
3 WAP 43   d 53 c 
5 WAP 63 bc 68 b 
7 WAP 55   c 68 b 
3+7 WAP 66  b 76 b 
Weed Free 80  a 96 a 
ANOVA 
Plant Density (PD) ** ns 
Glyphosate Application Timing (G) *** *** 
PD*G   ns ns 
WAP = Weeks after planting 
*** Significant at 1% significance level 
** Significant at 5% significance level 
ns - Not significant 
Values with same letters in same column are not statistically different at 5% significance level. 
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 Table 2-6.  Soybean canopy light interception, soybean canopy ground cover, and weed 
control ratings at Princeton in 2007.  Soybean canopy measurements are on a scale of 0 to 
100%, where 0 would be no soybean plants, and 100% would be complete light 
interception or complete ground cover. Weed control ratings are based on a scale of 0 to 
100%, where 0% all weeds present and 100% is no weeds present in the field. Weed 
control ratings are averaged across all weed species evaluated. 
  
R5 Ground 
Cover  
R5 Weed 
Control  
% % control 
Plant Density (plants ha-1) 88,600 87 b 98 
170,700 94 a 95 
273,200 97 a 99 
Glyphosate Application Timing Non-Treated -- -- 
3 WAP 98   a 96 
5 WAP 92   b 100 
7 WAP 83   c 91 
3+7 WAP 96 ab 100 
Weed Free 96 ab 100 
ANOVA 
Plant Density (PD) *** ns 
Glyphosate Application Timing (G) *** ns 
PD*G   ns ns 
WAP = Weeks after planting 
*** Significant at 1% significance level 
** Significant at 5% significance level 
ns - Not significant 
Values with same letters in same column are not statistically different at 5% significance level. 
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Table 2-7.  Soybean canopy light interception, soybean canopy ground cover, and weed 
control ratings at Princeton in 2008.  Soybean canopy measurements are on a scale of 0 to 
100%, where 0 would be no soybean plants, and 100% would be complete light 
interception or complete ground cover. Weed control ratings are based on a scale of 0 to 
100%, where 0% all weeds present and 100% is no weeds present in the field. Weed 
control ratings are averaged across all weed species evaluated.. 
    
R5 Ground 
Cover  
R5 Weed  
Control 
  %  % control 
Plant Density (plants ha-1) 168,100  98 92 
271,000  98 93 
361,700  98 94 
Glyphosate Application Timing Non-Treated 96 b -- 
3 WAP 98 a 80 c 
5 WAP 98 a 96 b 
7 WAP 98 a 95 b 
3+7 WAP 99 a 97 b 
Weed Free 99 a 100 a 
ANOVA 
Plant Density (PD) ns ns 
Glyphosate Application Timing (G) *** *** 
PD*G   ns ns 
WAP = Weeks after planting 
*** Significant at 1% significance level     
** Significant at 5% significance level 
ns - Not significant 
Values with same letters in same column are not statistically different at 5% significance level. 
 
 Chapter 3:  Crop Plant Density and Weed Removal Timing Effect on Soybean Seed 
Yield, Size, Protein, and Oil Concentration 
Introduction 
 Yield response to plant population in soybean was described by Duncan (1986), 
using three key phases.  In phase one (<20,000 plants ha-1) of yield response to 
population the potential yield per plant is maximized and there is no interplant 
competition.  Phase one ends and phase two begins when plants compete with each other 
for resources.  As plant population increases, yield increases, but the marginal unit of 
increase per plant becomes smaller.  Phase three is defined as the point where adding 
additional plants no longer increases yield, as the decline in yield per plant is exactly 
enough to maintain a constant yield per unit ground area as plants are added.  Plant 
population research is done in order to determine where the transition point between 
Duncan’s phase two and phase three is reached in an effort to minimize input costs while 
maintaining or increasing outputs.  
 Soybean population research has been done across wide ranges of plant densities.  
Nelson and Weaver (1980) found no significant difference in yields in Texas between 
planting populations of 48,500 and 194,000 seeds ha-1.  A yield plateau was observed at 
populations beyond 129,000 seeds ha-1 in work done by Ennin and Clegg (2001) in 
Nebraska, while Lee et al. (2008) found the plant population producing 95% of maximum 
yield to be between 108,000 and 232,000 plants ha-1 with a May planting date in 
Kentucky.  In Kansas, Bello et al. (1980) found that doubling the population from 
380,000 to 760,000 plants ha-1 had no effect on yield, as yield remained constant across 
plant populations.  In Iowa DeBruin and Pedersen (2008) discovered that maximum yield 
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 was attained at 462,200 plants ha-1, but that >95% of the maximum yield was attained at 
populations as low as 258,600 plants ha-1.  These results confirm the idea that increasing 
soybean density does not necessarily result in yield increases. 
 Results of soybean population studies indicating that lower plant populations 
produce maximum yield have generated a number of questions.  Researchers and 
producers want to know if lower populations will work in conditions in their fields, and 
particularly how low soybean populations relate to the effectiveness of weed control 
programs and in turn, yield potential (Hilgenfeld, 2004; Norsworthy, 2005).   
 The majority of soybean varieties grown now are glyphosate-resistant and timing 
of glyphosate application is critical to weed control (Hilgenfeld et al., 2004).  The 
effectiveness of glyphosate is determined by the time of application relative to weed 
seedling emergence (Jordan et al., 1997), and in particular, the height of weeds when 
glyphosate is applied.  Weed emergence extends over several weeks after land 
preparation and soybean planting.  As a result, the weed population is often a mixture of 
different species at different stages of development.  Considering this situation, early 
glyphosate application is ineffective in controlling late-emerging weeds, as glyphosate 
has no residual effect (Reddy, 2001).  Late glyphosate applications may be less effective 
on early emerging weeds because they are large (Reddy, 2001) and they may require a 
higher rate of glyphosate for control (Vangessel et al., 2000).   
 According to Johnson et al. (2004) the initial weed control operation must be 
timed according to one of three criteria to minimize yield losses.  The operation must 
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 either 1) control weeds by 4 to 5 weeks after planting, 2) control weeds before they are 15 
to 23 cm tall, or 3) control weeds before the soybean plants reach the V3 stage of growth.                
 A common method of timing glyphosate applications is to apply it a certain 
number of weeks after planting or emergence of the crop.  This can be an effective 
management procedure when the producer has a good idea of the weed emergence 
patterns within their field.  In an effort to map weed emergence in Nebraska, Hilgenfeld 
et al. (2004) utilized three common weed control methods, including glyphosate 
applications at 21 to 26 days after planting (DAP), 35 to 36 DAP, and sequential 
applications at 21 to 26 DAP followed by 47 to 48 DAP.  The single early post-
emergence (21-26 DAP) application of glyphosate represents a strategy designed to 
eliminate early season competition between the crop and weeds.  The single mid-season 
post-emergence application (35-36 DAP) represents a strategy commonly used by 
growers to avoid multiple applications (Hilgenfeld et al., 2004).  This mid-season 
application increases the likelihood of complete weed emergence before application, but 
allows for more early season competition between the crop and weeds.  Sequential 
applications are used by producers to avoid early season competition with weeds and 
weeds that emerge later in the season.   
 Norsworthy (2005) indicated that a single application of glyphosate should be 
applied no later than four weeks after emergence (WAE) to ensure maximum yield of the 
soybean crop.  When control measures were delayed to 6 WAE, weed control was much 
less effective and yield was reduced in 4 of 6 seeding rates.  The reduced control was 
attributed to larger weeds when the herbicide was applied (Jordan et al. 1997), and a lack 
of spray coverage of weeds beneath the soybean canopy (Koger at al. 2004).   
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  Applying glyphosate according to the growth stage of the crop is also a common 
method.  Van Acker et al. (1993) showed that the critical time for weed removal to 
prevent the crop from suffering more than a 5% yield loss ranged from growth stage V2 
to V3.  Webster et al. (1999) also found that the crop reached the critical period at the V2 
growth stage and that delay up to V4 could result in reduced weed control.  Knezevic 
(2003a) found that the critical time for weed removal coincided with the V1, V2, and V3 
growth stages in 19-, 38-, and 76-cm row spacings, respectively.   An average 2% yield 
loss per growth stage was observed as the cost of delaying weed control past this critical 
period (Knezevic, 2003b).  Vangessel et al. (2000) reported similar results, with the 
optimum window for weed control with glyphosate falling between the 1 to 3 trifoliolate 
stage.  Successful weed control at or after the V3 growth stage depends on soybean 
canopy cover, weed species and size, moisture and humidity, and the timing of rain after 
herbicide application. Application after the V3 growth stage generally gave inconsistent 
control (Vangessel et al., 2000).   Payne and Oliver (2000) reported a yield increases of 
over 400 kg ha-1 (6.0 bu acre-1) when soybean received a single application of glyphosate 
at V2 instead of V4. 
 Seed quality issues should also be taken into consideration when varying plant 
density.  Naeve (2006) discovered that protein and oil concentrations were affected by 
seeding rates when studying soybean seeded at 432,000 to 926,000 seeds ha-1.  Seed oil 
concentration was decreased at high soybean plant densities, while protein concentration 
increased.  Cober et al. (2005) saw similar results in Ontario in two years of study.  
Although changes were relatively small, a consistent increase in protein concentration of 
4 g kg-1 was seen when seeding rates were elevated from 250,000 to 750,000, while an 
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 increase of 8 g kg-1 was observed when seeding rates were elevated from 250,000 to 
2,000,000 seeds ha-1 in the following year. 
 The purpose of this study was to determine the effects of seeding rate and the 
timing of glyphosate application on soybean yield, seed size, and protein and oil 
concentration in the seed. 
 
Materials and Methods 
 Treatments, plot arrangement, soil types, environments and field procedures were 
described in Chapter 2. 
Plots were trimmed to 6.1 meters for harvest.  All plots were harvested when seed 
moisture was between 100 and 130 g kg-1 using a Wintersteiger small plot combine 
(Wintersteiger, Ried, Austria).  The combine was equipped with a Harvest Master weigh 
system (Juniper Systems, Logan, UT), which measured seed weight, moisture and test 
weight. 
  Seed size was determined by weighing 200 seeds from each plot.  Samples were 
then analyzed using a Perten DA7200 near Infrared seed analyzer (Perten Instruments, 
Stockholm, Sweden) to determine protein and oil concentration. 
The MIXED procedure of the Statistical Analysis System (SAS) Version 9.1 
(SAS Institute, 2002) was used for ANOVA with comparisons made using an α=0.05. 
   
Results and Discussion 
Environments 
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 Environments were described in Chapter 2.  Plant population did not interact with 
glyphosate application timing at any environment (Table 2-1). 
 
Yield  
There were no interactions between plant density and glyphosate application 
timing for yield, meaning that the optimal treatment timing was the same across all 
densities in each environment.  
Plant density affected yield at Lexington in both 2007 (p=0.0170) and 2008 
(p=0.0293).  Yield was similar in the medium and high plant densities but it was lower at 
the low plant density (Tables 3-2 and 3-3).  Plant density did not affect yields at 
Princeton-2007 or Princeton-2008 (p=0.0642 and 0.0742, respectively).  These results 
support previous studies, as high seeding rate did not generally result in higher yields 
(Nelson and Weaver, 1980; Bello et al., 1980; Ennin and Clegg, 2001; DeBruin and 
Pedersen, 2008; Lee et al., 2008).   
Glyphosate application timing was significant (p<0.0001) for grain yield in all 
environments (Tables 3-2, 3-3, 3-4, and 3-5), with this result being in large part due to 
poor yields with the non-treated.  Across populations, the weed free treatment was among 
the highest yielding in all environments, while the non-treated control was always among 
the lowest yielding.     
At Lexington-2007, yields were similar for weed free, 5 WAP, 7 WAP, and 3+7 
WAP (Table 3-2).  Compared with weed free, yields were 9% less for 3 WAP and 24% 
less for non-treated control.  The single 3 WAP application may have been less effective 
due to the late emergence of weeds, as glyphosate has no residual effect (Reddy, 2001).  
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 In this environment, only 9 weeds m-2 were present at the 3 WAP treatment, compared to 
25 and 37 weeds m-2 at 5 and 7 WAP, respectively.    Similar results were observed at 
Princeton-2007 (Table 3-4), where the 3 WAP treatment and non-treated yielded 15 and 
64% less than the weed free, respectively. 
At Lexington-2008, which was an overall poor yielding environment, yields were 
similar for weed free and 3+7 WAP and 23% greater than all other weed removal 
timings.  The 5 WAP treatment also resulted in a 48% greater yield than the non-treated 
(Table 3-3).  At Princeton- 2008, yields for all weed removal timings were similar and all 
were 27 to 32% higher than the non-treated (Table 3-5).     
Glyphosate applied 3+7 WAP resulted in yields similar to weed free in all four 
environments.  Single applications at 5 or 7 WAP were similar to weed free in 3 of 4 
environments, while a single application at 3 WAP resulted in yields lower than weed 
free in 3 of 4 environments.  The only environment in which 3 WAP alone was effective 
was the tilled environment where weeds emerged early.  Results from this study differed 
from earlier results, as the 7 WAP treatment resulted in the highest yields in 3 of 4 
environments, whereas in previous work, weed control had to happen 4 to 5 weeks after 
planting to prevent yield loss (Johnson et al., 2004; Norsworthy, 2005).  
Yield had a positive relationship with R5 weed control (Figure 3-1) and ground 
cover (Figure 3-2).  Yield, as a percentage of maximum (weed free) increased as weed 
control at R5 increased up to 100%.  Yield increased with % canopy closure up to a 
plateau at 90%.  This result at R5 is similar to the findings of Egli (1988), in which he 
said that soybean must have 95% canopy by R1 to maintain yield potential.   
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 Seed Protein and Oil Concentration 
 The non-treated control resulted in the highest protein and weed free resulted in 
the lowest protein concentration in all environments.  At Lexington in 2007 (p=0.0048), 
the seeds from the non-treated had the highest protein concentration, while all of the 
other treatments were behind the non-treated equally (Table 3-2).  At Lexington-2008 
(p=0.0069) seeds from the untreated and 3WAP timings had the highest protein 
concentration, followed by the 5 and 7 WAP treatments, and then the 3+7 WAP and 
weed free (Table 3-3).  At Princeton-2007 (p=0.0060), seeds from non-treated and the 3 
WAP timing had the highest protein concentration, while all others were lower by the 
same amount (Table 3-4).  At Princeton-2008 (p=0.0006), protein concentrations for the 
7 WAP, 3 +7 WAP, and weed free timings were the lowest, while the non-treated, 3 
WAP, and 5 WAP treatments were the highest (Table 3-5). 
 Protein concentration was also effected by plant density at Lexington-2007 
(p=0.0177).  The medium and high densities yielded a higher protein concentration than 
the low seeding rate by 3 and 5 g kg-1, respectively.  This result falls in line with Cober 
(2005) and Naeve (2006), as significant increases in protein were seen at higher 
populations, although the increase was relatively small.  
  Protein concentration decreased for late single applications of glyphosate and 
multiple applications of glyphosate, while concentrations were highest when no herbicide 
was used. The change in protein concentration could be a function of weed competition 
with soybean seed development; however, each environment had different weed 
pressures. The change in protein concentration could also be due to the timing of 
glyphosate herbicide. Glyphosate inhibits production of the aromatic amino acids by 
34 
 
 inhibiting EPSP synthase (Amrhein et al., 1980) and although glyphosate tolerant 
soybean has a functional EPSP synthase with an altered binding site (Padgette et al., 
1991), perhaps glyphosate is somehow interacting with soybean to cause a reduction in 
protein concentration. Further investigations are needed to determine why protein 
concentrations are decreased when glyphosate is applied late or applied multiple times. 
 Oil concentration moved in roughly the opposite direction as protein 
concentration, similar to results presented by Naeve (2006).  Seed oil concentration was 
not affected by plant density in any environment, while weed removal timing was 
significant at all environments.  At Lexington-2007 (p=0.0037), the non-treated timing 
had the lowest oil concentration, less than all treatments (Table 3-2).  At Lexington-2008 
(p=0.0053), the weed free, 3+7 WAP, 7 WAP, and 5 WAP treatments resulted in the 
same oil concentration, followed by the 3 WAP treatment and then the non-treated (Table 
3-3).  At Princeton-2007 (p=0.0142), seed oil concentration was highest in the 7 WAP 
treatment, followed by all other treatments (Table 3-4).  The Princeton-2008 (p=0.0021) 
seeds showed similar results to Lexington-2007.  Again, the seeds from the non-treated 
timing produced an oil concentration lower than all treatments besides the 3 WAP alone, 
while the seeds from the 3 WAP treatment had a lower concentration than the 7 WAP and 
3+7 WAP, with all others being similar.    
   
Conclusions 
 For yield, there were no interactions between plant density and glyphosate 
application timing across a wide range of environments.  This addresses farmer concerns 
regarding the need to change weed control protocol at lower populations as the same 
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 protocol was shown to be most effective across plant densities within an environment.  
While final stands as low as 130,800 plants ha-1 were sufficient for maximum yield in one 
environment, a final density of 254,400 plants ha-1 was sufficient for yield across all 
environments, which is consistent with recent research in Kentucky (Lee et al., 2008).  A 
weed control protocol of sequential glyphosate applications at 3 and 7 weeks after 
planting resulted in maximum yields in all environments, but single applications at 5 or 7 
WAP did just as well, regardless of weed population or the time of weed emergence.  A 
single application of glyphosate at 3 WAP alone matched the yield of the sequential 
application only in the tilled environment, where weeds emerged very soon after planting.  
A single, post-emergence application of glyphosate was a viable option when compared 
to multiple applications, but scouting for weed emergence is essential for timing of the 
single application.   
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Table 3-1.  Analysis of Variance for yield, seed weight, and protein and oil concentration 
(* p<0.05). 
Source of Variation  Yield 
Seed 
Weight 
Protein 
Concentration 
Oil 
Concentration 
Lexington-2007  df Mean Squares 
Replication (Rep) 3 90.2* 792.8* 14.3 52.1 
Plant Population (Pop) 2 268.4* 172.6 146.1* 22.6 
Rep X Pop 6 38.9 382.2* 22.8 28.6 
Glyphosate Timing (GT) 5 409.9* 23.4 65.81* 85.3* 
GT x Pop 10 35.4 46 25 12.9 
Rep x Pop x GT 45 21.8 58 15.85 20.2 
Lexington-2008           
Replication (Rep) 3 10.9 75 36.3 45.5 
Plant Population (Pop) 2 236.5* 91.9 97.5 50.8 
Rep X Pop 6 67.1* 60.4 102.2* 54.6 
Glyphosate Timing (GT) 5 111.1* 133.4* 105.1* 104.8* 
GT x Pop 10 14.3 70.1 23.3 39.9 
Rep x Pop x GT 45 17.1 96.2 45.4 80.2 
Princeton-2007           
Replication (Rep) 3 9.2 41.4 34.5 8.8 
Plant Population (Pop) 2 72.3 56.3 27.1 94.5 
Rep X Pop 6 194.0* 176.5* 59.5* 51.8 
Glyphosate Timing (GT) 5 1121.9* 430.4* 62.6* 108.4* 
GT x Pop 10 4.8 58.2 16.1 21.1 
Rep x Pop x GT 45 14.6 62.3 27.4 29.2 
Princeton-2008           
Replication (Rep) 3 504.1* 232.5** 275.6* 10.5 
Plant Population (Pop) 2 184.1 85.1 5.1 20.1 
Rep X Pop 6 44.5 119.2** 26.6 13.6 
Glyphosate Timing (GT) 5 472.7* 121.9** 90.4* 23.9* 
GT x Pop 10 24.77 16.7 14.5 12.41 
Rep x Pop x GT 45 19.9 26 16.7 5.9 
 Table 3-2.  Seed yield, seed size, and seed protein and oil concentration at Lexington in 2007. 
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  Seed Yield  Seed Size  
Protein 
Concentration 
Oil 
Concentration
kg ha-1 mg seed-1 g kg-1 g kg-1 
Plant Density (plants ha-1) 157,600  3884  b 156 348 b 201 
254,400  4240  a 159 351 a 199 
344,300  4293  a 153 353 a 200 
Glyphosate Application Timing Non-Treated 3382   c 156 355 a 196 c 
3 WAP 4051   b 156 350 b 200 b 
5 WAP 4382   a 155 350 b 202 ab 
7 WAP 4292 ab 154 351 b 201 ab 
3+7 WAP 4309 ab 158 350 b 200 b 
Weed Free 4428   a 158 350 b 204 a 
ANOVA 
Plant Density (PD) ** ns ** ns 
Glyphosate Application Timing (G) *** ns *** *** 
PD*G   ns ns ns ns 
WAP = Weeks after planting 
*** Significant at 1% significance level 
** Significant at 5% significance level 
ns - Not significant 
Values with same letters in same column are not statistically different at 5% significance level. 
 
 
 Table 3-3.  Seed yield, seed size, and seed protein and oil concentration at Lexington in 2008. 
  
Seed Yield   Seed Size  
Protein 
Concentration 
Oil 
Concentration
 kg ha-1  mg seed-1 g kg-1    g kg-1 
Plant Density (plants ha-1) 130,800  383 b  148 356 187 
180,700  779 a 143 355 191 
254,600  699 a 144 360 185 
Glyphosate Application Timing Non-Treated 362     d 145 a 364   a 179   c 
3 WAP 484   cd 140 b 361   a 185 bc 
5 WAP 700   bc 149 a 357 ab 189 ab 
7 WAP 548 bcd 138 b 358 ab 189 ab 
3+7 WAP 715   ab 150 a 354   b 193   a 
Weed Free 910     a 146 a 351   b 190 ab 
ANOVA 
Plant Density (PD) ** ns ns ns 
Glyphosate Application Timing (G) *** *** *** *** 
PD*G   ns ns ns ns 
WAP = Weeks after planting 
*** Significant at 1% significance level 
** Significant at 5% significance level 
ns - Not significant 
Values with same letters within same column are not statistically different at 5% significance level. 
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 Table 3-4.  Seed yield, seed size, and seed protein and oil concentration at Princeton in 2007. 
 
Seed Yield   Seed Size  
Protein 
Concentration 
Oil 
Concentration 
kg ha-1 g seed-1 g kg-1 g kg-1 
Plant Density (plants ha-1) 88,600 2022 111 346 191 
170,700 2311 110 350 189 
273,200 2385 108 356 187 
Glyphosate Application Timing Non-Treated 946 c 107 bc 358   a 186 b 
3 WAP 2230 b 103   c 352 ab 186 b 
5 WAP 2509 a 108 bc 350   b 189 b 
7 WAP 2535 a 121   a 347   b 195 a 
3+7 WAP 2584 a 108 bc 349   b 189 b 
Weed Free 2637 a 112   b 349   b 189 b 
Plant Density (PD) ns ns ns ns 
Glyphosate Application Timing (G) *** *** *** ** 
PD*G   ns ns ns ns 
WAP = Weeks after planting 
*** Significant at 1% significance level   
** Significant at 5% significance level 
ns - Not significant 
Values same letters within the same column are not statistically different at 5% significance level. 
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Seed Yield Seed Size  
Protein 
Concentration 
Oil 
Concentration
 kg ha-1 g seed-1  g kg-1  g kg-1 
Plant Density (plants ha-1) 168,100  3353 133 343 189 
271,000  3312 131 344 187 
361,700  3003 129 344 187 
Glyphosate Application Timing Non-Treated 2377 b 129 bc 347   a 185   c 
3 WAP 3257 a 125   c 345 ab 186 bc 
5 WAP 3440 a 132 ab 346   a 188 ab 
7 WAP 3273 a 134   a 341   c 189   a 
3+7 WAP 3493 a 132 ab 341   c 189   a 
Weed Free 3449 a 133 ab 342 bc 188 ab 
ANOVA 
Plant Density (PD) ns ns ns ns 
Glyphosate Application Timing (G) *** *** *** *** 
PD*G   ns ns ns ns 
WAP = Weeks after planting 
*** Significant at 1% significance level 
** Significant at 5% significance level 
ns - Not significant 
Values with same letters in same column are not statistically different at 5% significance level. 
Table 3-5.  Seed yield, seed size, and seed protein and oil concentration at Princeton in 2008. 
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 Figure 3-1.  Relative Yield (% of maximum) across populations vs. percent weed control 
at R5. 
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Figure 3-2.  Figure 3-1.  Relative Yield (% of maximum) across populations vs. percent 
ground cover at R5. 
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Table A-1.  Means comparisons for Lexington-2007. 
      
R1 Light 
Interception 
R5 Crop 
Canopy 
R5 Light 
Interception  
R5 Weed 
Control  
Seed 
Yield  Seed Size  Protein  Oil  
    % % % % Control kg ha-1 mg seed-1 g kg-1 g kg-1 
Plant 
Density 157,600 254,400 -0.1 -1.1 0 -1 -362* -2.4 -3.10* 2.00 
157,600 344,300 -0.1 -1.1 0 -1.9 -422* 2.4 -4.70* 1.00 
254,400 344,300 0 0 0 -0.9 -60 4.8 2.60 -1.00 
Glyphosate 
Application 
Timing Non-Treated 3 WAP 0.04 -- -- -- -672* 0.3 5.00* -4.10* 
Non-Treated 5 WAP 0.02 -- -- -- -1000* 0.8 6.10* -6.10* 
Non-Treated 7 WAP 0.04 -- -- -- -909* 1.9 4.80* -4.70* 
Non-Treated 3+7 WAP -0.01 -- -- -- -930* -2.5 5.50* -4.10* 
Non-Treated Weed Free 0.03 -- -- -- -1046* -1.5 5.80* -8.00* 
3 WAP 5 WAP -0.02 -0.5 0.01 -7.8* -328* 0.5 1.10 -2.00 
3 WAP 7 WAP 0.01 -0.6 0.01 -7.7* -237 1.6 -0.20 -0.60 
3 WAP 3+7 WAP -0.05 -0.7 0 -8.0* -258 -2.8 0.50 0 
3 WAP Weed Free -0.01 -1.1 0 -8.0* -374* -1.9 0.80 -3.90* 
5 WAP 7 WAP 0.03 -0.2 0 0.1 91 1.1 -1.30 1.40 
5 WAP 3+7 WAP -0.03 -0.2 -0.01 -0.2 70 -3.3 -0.60 2.00 
5 WAP Weed Free 0.02 -0.7 -0.01 -0.2 -46 -2.3 -0.30 -1.90 
7 WAP 3+7 WAP -0.06 -0.1 -0.01 -0.3 -21 -4.4 0.70 0.60 
7 WAP Weed Free -0.01 -0.5 -0.01 -0.3 -137 -3.4 1.00 -3.20 
  3+7 WAP Weed Free 0.04 -0.4 0 0 -116 1.0 0.30 -3.90* 
‘*’ denotes statistical difference at 5% significance level between treatments within a column. 
 
 
 Table A-2.  Means comparisons for Lexington-2008. 
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R5 Crop 
Canopy  
R5 Weed 
Control Seed Yield  Seed Size  Protein  Oil 
    %  % Control kg ha-1 mg seed-1  g kg-1 g kg-1 
Plant Density 88,600 170,700 -17.7* -9.9 -413* 4.8 1.39 -4.02 
88,600 273,200 -14.6* -12.3 -327* 4.2 -3.98 1.34 
170,700 273,200 3.1 -2.4 86 4.3 -5.37 5.35 
Glyphosate 
Application 
Timing Non-Treated 3 WAP -12.9* -- -122 5.6* 2.49 -6.13 
Non-Treated 5 WAP -32.1* -- -338* -3.2 6.67 -9.71* 
Non-Treated 7 WAP -24.2* -- -185 7.0* 5.42 -10.4* 
Non-Treated 3+7 WAP -35.4* -- -391* -4.8 9.62* -13.6* 
Non-Treated Weed Free -50.0* -- -579* -0.8 12.7* -11.2* 
3 WAP 5 WAP -19.2* -15.7* -216 -8.8* 4.18 -3.58 
3 WAP 7 WAP -11.3* -15.8* -64 1.4 2.94 -4.32 
3 WAP 3+7 WAP -22.5* -23.0* -269* -10.4* 7.13* -7.46* 
3 WAP Weed Free -37.1* -43.2* -457* -6.4* 10.26* -5.10 
5 WAP 7 WAP 7.9 -0.2 153 10.1* -1.25 -0.74 
5 WAP 3+7 WAP -3.3 -7.3 -53 -1.7 2.95 -3.89 
5 WAP Weed Free -17.9* -27.5* -241* 2.4 6.07 -1.52 
7 WAP 3+7 WAP -11.3* -7.2 -206 -11.8* 4.19 -3.14 
7 WAP Weed Free -25.8* -27.3* -393* -7.8* 7.32* -0.77 
  3+7 WAP Weed Free -14.6* -20.2* -188 4.1 3.13 2.37 
‘*’ denotes statistical difference at 5% significance level between treatments within a column. 
  
 
 
 Table A-3.  Means comparisons for Princeton-2007. 
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R5 Crop 
Canopy 
R5 Weed 
Control  Seed Yield    Seed Size  Protein  Oil  
    % % Control kg ha-1 mg seed-1 g kg-1 g kg-1 
Plant Density 130,800 180,700 -7.6* -2 -290 0.8 5.95 2.65 
130,800 254,600 -10.6* -1.3 -360 3.0 8.75 4.18 
180,700 254,600 -3 0.8 -71 2.2 11.82 1.53 
Glyphosate 
Application 
Timing Non-Treated 3 WAP -- -- -1284* 3.1 5.95 -0.73 
Non-Treated 5 WAP -- -- -1563* -1.8 8.74* -3.15 
Non-Treated 7 WAP -- -- -1589* -14.3* 11.82* -8.74* 
Non-Treated 3+7 WAP -- -- -1638* -1.9 9.00* -3.15 
Non-Treated Weed Free -- -- -1691* -5.2 9.57* -3.24 
3 WAP 5 WAP 5.8* -3.8 -279* -4.8 2.78 -2.42 
3 WAP 7 WAP 15.0* -2.9 -304* -17.3* 5.87 -8.00* 
3 WAP 3+7 WAP 1.3 -3.8 -353* -5.0 3.04 -2.42 
3 WAP Weed Free 2 -3.8 -406* -8.3* 3.63 -2.50 
5 WAP 7 WAP 9.2* 0.8 -26 -12.5* 3.08 -5.58* 
5 WAP 3+7 WAP -4.6* 0 -75 -0.2 0.25 0 
5 WAP Weed Free -3.8 0 -128 -3.44 0.83 0 
7 WAP 3+7 WAP -13.8* -0.8 -49 12.3* -2.83 5.59* 
7 WAP Weed Free -13.0* -0.8 -102 9.1* -2.25 5.50* 
  3+7 WAP Weed Free 0.8 0 -53 -3.3 0.58 0  
‘*’ denotes statistical difference at 5% significance level between treatments within a column. 
   
 
 
 Table A-4.  Means comparisons for Princeton-2008. 
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R5 Crop 
Canopy  
R5 Weed 
Control Seed Yield  Seed Size  Protein  Oil  
  % % Control kg ha-1 mg seed-1 g kg-1 g kg-1 
Plant Density 168,100 271,000 0.3 -1.5 19 1.6 -1 1.7 
  168,100 361,700 0.3 -2.5 332 3.8 -0.5 1.6 
  271,000 361,700 -0.1 -1 312 2.2 -0.5 -0.1 
Glyphosate 
Application 
Timing Non-Treated 3 WAP -2.6* -- -880* 4.0 1.5 -0.8 
Non-Treated 5 WAP -2.8* -- -1062* -3.2 0.6 -2.40* 
Non-Treated 7 WAP -2.3* -- -895* -4.8* 5.80* -3.40* 
Non-Treated 3+7 WAP -3.4* -- -1115* -2.8 6.10* -3.60* 
Non-Treated Weed Free -3.3* -- -1071* -3.3 4.80* -2.10* 
3 WAP 5 WAP -0.3 -15.4* -182 -7.2* -0.9 -1.7 
3 WAP 7 WAP 0.3 -14.6* -15 -8.8* 4.30* -2.60* 
3 WAP 3+7 WAP -0.8 -16.3* -235 -6.8* 4.60* -2.90* 
3 WAP Weed Free -0.8 -19.9* -191 -7.3* 3.2 -1.3 
5 WAP 7 WAP 0.5 0.8 167 -1.6 5.20* -0.9 
5 WAP 3+7 WAP -0.6 -0.8 -53 0.3 5.50* -1.2 
5 WAP Weed Free -0.5 -4.2* -9 -0.2 4.10* 0.4 
7 WAP 3+7 WAP -1.1 -1.7 -220 1.9 0.3 -0.2 
7 WAP Weed Free -1 -5.0* -175 1.4 -1.1 1.3 
  3+7 WAP Weed Free 0.1 -3.3* 44 -0.5 -1.3 1.6 
‘*’ denotes statistical difference at 5% significance level between treatments within a column. 
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Table A-5.  Total weed population and population of dominant species’ at each treatment timing prior to treatment, Lexington-2007. 
 
Sum of all 
weed species 
Yellow Foxtail 
(Setaria 
glauca) 
Smooth Pigweed 
(Amaranthus 
hybridus) 
Lambsquarters 
(Chenopodium 
album) 
Hairy Crabgrass 
(Digitaria 
sanguinalis) 
--------------------------------------------plants m-2--------------------------------------------------- 
3 WAP† 9±2 4 3 0 2 
5 WAP 25±4 15 4 1 5 
7 WAP alone 37±5 29 2 2 4 
7 WAP after 3 WAP 28±2 18 4 2 4 
† WAP, weeks after planting 
 
 
 Table A-6.  Total weed population and population of dominant species’ at each treatment timing prior to treatment, Lexington-2008 
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Sum of 
All Weed 
Species 
Dandelion 
(Taraxacum 
officinale) 
Common 
Ragweed 
(Ambrosia 
artemisiifolia) 
Giant 
Ragweed 
(Ambrosia 
trifida) 
Hairy 
Crabgrass 
(Digitaria 
sanguinalis) 
Yellow 
Nutsedge 
(Cyperus 
esculentus) 
Yellow 
Foxtail 
(Setaria 
glauca) 
Marestail 
(Conyza 
canadensis) 
------------------------------------------------------Plants m-2------------------------------------------------------------ 
3 WAP 215±34 11 120 2 40 3 2 1 
5 WAP 305±46 9 130 0 2 7 115 5 
7 WAP alone 355±22 9 245 0 3 3 50 22 
7 WAP after 3 WAP 55±12 6 33 0 0 0.5 8 3 
† WAP, weeks after planting 
 
 
 Table A-7.  Total weed population and population of dominant species’ at each treatment timing prior to treatment, Princeton-2007. 
  
Sum of 
All 
Weed 
Species 
Smooth 
Pigweed 
(Amaranthus 
hybridus) 
Eastern 
Black 
Nightshade 
(Solanum 
ptycanthum) 
Lambsquarters 
(Chenopodium 
album)  
Spotted 
Spurge  
(Euphorbia 
maculata) 
Yellow 
Nutsedge 
(Cyperus 
esculentus) 
Hairy 
Crabgrass 
(Digitaria 
sanguinalis) 
Johnsongrass 
(Sorghum 
halepense) 
--------------------------------------------------------Weeds m-2-------------------------------------------------------- 
3 WAP 195±23 5 42 5 5 14 43 7 
5 WAP 186±14 17 40 15 5 17 25 13 
7 WAP alone 279±31 7 42 15 11 44 28 15 
7 WAP after 3 WAP 20±4 0 1 1 2 9 2 0 
50
† WAP, weeks after planting 
  
 
 
 Table A-8.  Total weed population and population of dominant species’ at each treatment timing prior to treatment, Princeton-2008 
  
Sum of all 
weed species 
Yellow 
Nutsedge 
(Cyperus 
esculentus) 
Virginia 
Copperleaf 
(Acalypha 
rhomboidea) 
Eastern Black 
Nightshade 
(Solanum 
ptycanthum) 
Smooth 
Crabgrass 
(Digitaria 
ischaemum) 
Smooth Pigweed 
(Amaranthus 
hybridus) 
-------------------------------------------------------plants m-2------------------------------------------------------------ 
3 WAP 25±10 4 1 2 4 0 
5 WAP 47±9 2 0 0.3 13 6 
7 WAP alone 47±9 0.5 0 0 14 3 
7 WAP after 3 WAP 15±6 0 0 0.3 8 2 
† WAP, weeks after planting 
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 Table A-9.  Weed control ratings at R5 of dominant species at each plant density and glyphosate application timing, Lexington-2007.   
  
Yellow Foxtail 
(Setaria glauca)
Smooth Pigweed 
(Amaranthus hybridus) 
Lambsquarters 
(Chenopodium 
album) 
Hairy Crabgrass 
(Digitaria 
sanguinalis) 
-----------------------------------------% control-------------------------------------------- 
Plant Density (plants ha-1) 157,600  98 97 99 99 
254,400  98 99 97 98 
344,300  97 97 96 98 
Glyphosate Application Timing Non-Treated -- -- -- -- 
3 WAP 92 83 85 93 
5 WAP 100 99 100 100 
7 WAP 99 100 100 100 
3+7 WAP 100 100 100 100 
Weed Free 100 100 100 100 52
 
  
 
 
 Table A-10.  Weed control ratings at R5 of dominant species at each plant density and glyphosate application timing, Lexington-2008.   
  
Yellow Foxtail 
(Setaria glauca)
Common Ragweed 
(Ambrosia 
artemisiifolia) 
Yellow Nutsedge 
(Cyperus esculentus)
Hairy Crabgrass 
(Digitaria 
sanguinalis) 
-----------------------------------------% control-------------------------------------------- 
Plant Density (plants ha-1) 157,600  62 84 85 56 
254,400  66 88 87 60 
344,300  76 80 89 62 
Glyphosate Application Timing Non-Treated -- -- -- -- 
3 WAP 8 85 75 22 
5 WAP 85 82 88 52 
7 WAP 81 66 82 55 
3+7 WAP 72 78 91 77 
Weed Free 100 100 100 100 53
 
  
 
 
 Table A-11.  Weed control ratings at R5 of dominant species at each plant density and glyphosate application timing, Princeton-2007. 
  
Smooth 
Pigweed 
(Amaranthus 
hybridus) 
Hairy 
Crabgrass 
(Digitaria 
sanguinalis) 
Yellow 
Nutsedge 
(Cyperus 
esculentus) 
Johnsongrass 
(Sorghum 
halepense) 
Eastern Black 
Nightshade 
(Solanum 
ptycanthum) 
-------------------------------------% control------------------------------------ 
Plant Density (plants ha-1) 157,600  99 98 92 100 92 
254,400  98 95 97 97 95 
344,300  100 99 96 100 97 
 
Glyphosate Application Timing Non-Treated -- -- -- -- -- 
3 WAP 99 96 100 94 82 
5 WAP 99 100 100 99 99 
7 WAP 96 91 75 100 92 
3+7 WAP 100 100 100 100 100 
Weed Free 100 100 100 100 100 
54
 
  
 
 
  
 
Table A-12.  Weed control ratings at R5 of dominant species at each plant density and glyphosate application timing, Princeton-2008. 
  
Smooth Crabgrass 
(Digitaria 
ischaemum) 
Yellow Nutsedge 
(Cyperus 
esculentus) 
Smooth Pigweed 
(Amaranthus 
hybridus) 
---------------------------------% control---------------------------------- 
Plant Density (plants ha-1) 157,600  88 98 92 
254,400  92 94 92 
344,300  93 94 95 
Glyphosate Application Timing Non-Treated -- -- -- 
3 WAP 86 92 66 
5 WAP 95 95 95 
7 WAP 97 94 92 
3+7 WAP 100 100 95 
Weed Free 100 100 100 
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